Structural Health Monitoring (SHM) aims to give, at every moment during the life of a structure, a diagnosis of the "state" of the constituent materials, of the different parts, and of the full assembly of these parts constituting the structure as a whole. Current State of the Art Fiber Sensing solutions based on Photonic Integrated Circuit Technology is commercially available at Technobis and developed towards harsh environmental compliant appliations. Miniature, optical chip based modules are classifiable as high reliability components and of specific interest to environments that intrinsically subject to SHM activities. With these qualifiable solid state modules a versatility of applications can be supported through different markets. Both spectrometry and interferometry approaches are available for WDM, TDM, or combined architectures. The ability to combine a versatility of measurement capabilities (i.e. resolution and sample frequencies, point sensing and distirbuted sensing) proves an incredible appearance of applications that become possible that could not be addressed by conventional techniques. The paper and presentation addresses this potential of stringent SHM capabilities supporting the ever growing need for improving system performances, reduced costs and materials, and reduced system footprint, hence improving economic viability of things.
Structural Health Monitoring
Structural Health Monitoring (SHM) includes multiple means for direct assessment of the integrity of the aircraft structure. The principle of SHM to aircraft structures can be compared to a human nervous system (see Figure 1) . Permanently mounted or embedded sensor networks can detect and rate invisible structural damage, monitor mechanical loads and assess extreme mechanical conditions. These sensors are interrogated via readout systems and processed to structural state reports. For Aerospace SHM capabilities are imperative towards improvement of flight performance, cost reductions, i.e. economic viability. Fibre optic sensors are proving to be an important tool for real-time monitoring of aircraft structures because of their numerous advantages, such as immunity to electromagnetic interference, small size, light weight, high environmental endurance, and the possibility to be integrated within or surface mounted on the structure. Today, much effort is put in the task to bring the technology to a high readiness level [3] . The safety aspect in SHM seems to apply most to military aircraft [6] . Unlike with civil aircraft, military missions often exhibit frequently changing specific environmental conditions. This implies high variance in load conditions and subsequently life expectancies. With the right SHM tools these life expectancies can be diagnosed in time of each individual aircraft based on the real loads they are subject to, which is the basis for an economical viable and safety in-service operation.
Integrated Photonics Based Fiber Sensing
With all advantages of optical fiber materials, with its intrinsic and extrinsic capabilities to manipulate light propagation, it is possible to create sensors with a versatile sensitivity to environmental states and processes. Typical and most known intrinsic measurement capabilities of optical fiber sensors are for strain and temperature. Typical extrinsic capabilities are with transducing elements that translate environmental parameters to a change in the properties of the optical fiber that can be detected. For instance it allows the ability to determine the presence of biological or chemical agents, and enables machine structural health and state monitoring to improve aerodynamics and performance that includes (pre-) occurring detection of non-visible damage risks as a result of impacts or overload situations. Fibre Bragg Grating (FBG) sensors have been around for a long time and subjected to harsh conditions in many different applications. Recent advances in Integrated Photonics have led to readout systems which demonstrate high performance and reliability in several fields. The readout units are small size, low weight, solid state devices that allow integration flexibility. They typically are configured to readout multiple sensors at the same time. And multiplexing will allow readout hundreds of sensors with a single system. Sensitivities up to attometer wavelength shift resolution have been demonstrated using interferometer on chip implementations. All these technology capabilities are being developed into standard and custom applications for demanding market segments.
Integrated Photonics
Integrated Photonics appears to be the most promising development platform for fiber optic sensing harsh environments. Together with application critical reliability assessments and resolving imperative issues like cross sensitivity of strain, temperature and pressure makes current fiber sensing technology applicable. Photonic Integrated Circuits (PICs) allow complex optical systems, based on a small set of basic building blocks that are capable of transporting and modulating base properties of light, i.e. phase, amplitude and polarization. PICs have no dominant material as with micro-electronics and can be fabricated on different material platforms, each of them providing advantages and limitations depending on the functions to be integrated. For instance, Silica has desirable properties for passive components like Arrayed Waveguide Gratings (AWG, Figure 2 ) while Indium Phosphide (InP) or Gallium Arsenide (GaAs) allow direct integration of active components, i.e. light sources, detectors, etc. The range of photonic functions is growing extensively, including low loss interconnected waveguides, power splitters, optical amplifiers, optical modulators, filters, lasers, detectors, etc.
Reliability of Performance
ASPIC technology enables small, stable and reliable systems for fibre optic sensing devices serving a wide range of applications and markets [4, 5] . ASPIC based fiber sensing equipment is commercially available and with its architecture suitable for different performances and measurement applications proving the capability and versatility. Today, available resolutions range from 1 microstrain to sub-nanostrain, and sampling speeds of 1 Hz up to the MHz region. But most important for many demanding applications is that the technology proves reliable. Hence, integrators and solution providers are concerned with questions like:
• How reliable are the solutions?
• What is the environmental tolerance of the technology?
• What is the qualification status?
• And what does the roadmap to full qualification status look like? Not only the operational reliability is important, with regard to the practical commercial implementation of the technology, also on-time delivery and reliable packaging of ASPIC's is an important factor. Achieving reliability requires consolidation of the supply chain that is focused on delivery of state of the art technology and not on academic progress. This will eventually lead to fast, efficient and qualified PICs.
Observing a growing maturity of Integrated Photonics, foundry services are emerging as well as design houses to support commercialization. Requirements are application dependent, and in many cases the costs and efforts associated with proper packaging are largely underestimated. Packaging is usually forgotten till the PIC is manufactured, which likely results in a non-optimal working device, or an even impossible to package PIC as result.
Packaging of Optical Chips
A PIC needs to be packaged and so by principle as much as possible thermally, mechanically and/or EMI isolated from the environment but still allow electronic interfacing or data processing without affecting the optical system performance.
To connect the PIC to the world properly should include certain considerations and restrictions. One of the major challenges relates to the PIC's sensitivity to temperature changes [4] (see Figure 4) . Heat sources have different origins and need to be dealt with in different ways. First source is the surrounding atmosphere, including near heat sources (e.g., electronics and power sources), but also on chip devices can be the cause, and even wire bonds placements can have effects. Most common solution to reduce the effect of slow and fast variations in the surrounding temperature is by using a TEC, which typically enables a stable temperature operation window of about 70°C. Another versatile challenge is fiber coupling. The different PIC materials require different coupling approaches. For InP (Indium Phosphide) the standard is using butt coupling. A disadvantage for some applications is that the coupling efficiency is wavelength dependent and the bandwidth is limited to about 50nm. The waveguides are typically tapered out to a spot size of 10um. This still requires placement accuracy for the fiber of less than 3um, preferably even 1um. Many more aspects are involved in PIC packaging and many of them related to the operational environments. Sealing techniques differ from vacuum to humid environments, more specific thermal management and tricks to deal with heat leaks, the ability to package multiple chips, each with their own properties and sensitivities, the inclusion of front-end electronics for signal noise reductions. Commercialization need calls for standardization, i.e. packaging rules, and subsequently PIC design rules as a baseline. Most markets have their regulations in which part of these requirements are described, still even for these markets application specific requirements remain. Often very limited information exists to date on the behavior of PIC under these conditions; especial effect of long term operation under specific conditions.
Fortunately a lot of effort is directed to resolve packaging challenges and to establish standardization. The European program PIXAPP for instance aims to provide the world's first open-access PIC assembly and packaging pilot line to help users exploit the potential of PIC technology. PIXAPP offers companies an easy-access route to transferring R&D results to the market.
SHM Fiber Sensing Applications
In the last years new sensing technologies based on Optical Fibers have allowed promising applications in different areas within aerospace. Strain Sensing is a way to 'feel' inside a structure via sensors that can be seen as a 'nerve' that can reconstruct deflection, shape and vibrations from strain values.
Damage Detection
Damage detection is a major challenge in the aviation industry, in particular with regard to the use of composites materials in aircraft structures. As composites materials prove to be cost effective for structures they also exhibit damage effects that require new perspectives for detection. Delamination effects and debonding of stringer runouts are examples that are barely visible and need NDT techniques in AOG situations for assessment of the damage. Although several approaches exists and are being developed, the damage detection algorithms currently applied in combination with integrated photonics based sensing equipment from Technobis are based on a modal (vibration) approach with the ability to detect the presence and location of the damage in a composites structure with a relatively limited number of sensor positions (see Figure 5 ). A specific SHM system design tool for damage detection is developed by the Netherlands Aerospace Center (NLR) [2] and applied in several programs (EU-project SARISTU, Dutch project TAPAS) on composites aircraft panels (wingbox, fuselage). With the design tool the (optimal) number and position of strain sensors can be determined for a general (composite) structure to enable the detection of damage. Damaged structures and panels induce changes in the structural properties and subsequently the dynamic response of the structure. Acousto-Ultrasonic SHM technologies provides and alternative approach to assess these changes. The framework of acousto-ultrasonics includes acoustic emission (AE) and active Lamb wave sensing, typically ranges from 20 kHz up to 10 MHz. AE sensing is a passive approach interrogating transient acoustic waves in the ultrasonic frequency range which are generated by structural events or damaging occurrences. Exceeding a pre-set threshold starts data acquisition and storage in real-time. This pre-definition of the threshold is a significant factor with regard to the signal processing capabilities, and requires dedicated assessment depending on each different type of occurrence as each one has a typical acoustic signature. Lamb wave interrogation is an active approach where the structure needs to be excited by ultrasonic signals in order to generate responses that can be picked up by sensors. Lamb waves are specific type of ultrasonic waves that typically occur in flat structures as a result of a guiding process between parallel surfaces, with well-defined velocities and modes in the range 20 kHz to 1 MHz.
Impact Detection
In the earlier Dutch national program TAPAS [2] successful impact tests were performed on a thermoplastic composite aircraft wing structure. The calculated impact locations nicely illustrate the expected accuracy in the location calculation of about 30 cm, which is consistent with the signal traveling speed in the composite material and the sample rate of the interrogator system (see Figure 6 ).
Shape Monitoring
Conformal morphing is a new technology area for the aircraft industry. The ability of aircraft (wing) structures to change shape during flight will increase flight efficiency and thus of interest to the aircraft industry. Morphing wings do pose challenges obviously; one of them is to optimize the configuration of sensors and actuators for a reliable control system. For that purpose a fiber optic sensing system was developed in the Saristu project [1] to monitor the morphing behavior of the structure. A FBG based sensing assembly was utilized for chord-wise ATED (Adaptive Trailing Edge Device) shape reconstruction (see Figure 7) . A mechanical transducing device with integrated FBG sensors was used to translate the shape information into strain information. Using specific mathematics, these strain values are converted back into an accurate approximation of the shape. 
Extreme Load Conditions
Within the realm of SHM the European EXTREME [7] project is focused on the development of novel material characterization and in-situ measurement techniques, material models and simulation methods for design and manufacture of aerospace composite structures leading to a significant reduction of weight, design and certification cost. These initiatives include the development of smart impact sensing techniques for extreme loading conditions. Their purpose is to detect and assess extreme dynamic events and their subsequent related effects, as well as determination of failure parameters leading to new material models. For this particular goal a multi-parameter Integrated Photonics based FBG interrogation system is designed in which high performance aspects are combined in order to monitor the extends of extreme dynamic events; sub-picometer wavelength shift resolution, MHz sampling speeds, and the possibility to interrogate many sensors per fiber channel. In this effort multiple optical functionality approaches are combined in order to achieve high resolution strain measurements over large spectral bandwidths. The first results show promising performance capabilities of 0.1 micro-strain resolution at 1 MHz sampling speeds, for dynamic ranges exceeding 50.000 microstrain.
Conclusions
Integrated Photonics reinforces the applicability of fiber optic sensing in SHM applications. Especially in stringent environments like aerospace that call for reliability, environmental endurance, long operational life span, etc. Optical fiber sensing already demonstrated its potential and keeps exhibiting growth in many market segments. Structural Health Monitoring needs to be supported by the right tools for the right job. The applications mentioned in this paper; damage and impact detection, shape sensing, load monitoring and extreme dynamic loading are essential for SHM. Integrated Photonics is able to provide in many of those relevant challenges by the ability to manufacture multi-parameter, miniature, reliable, low cost solutions.
